




Phyllosilicate fabric in naturally deformed
mudstone from the Washington continental slope
and comparison with experimentally induced
fabric.
Peter L. Berglund
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Geology Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Berglund, Peter L., "Phyllosilicate fabric in naturally deformed mudstone from the Washington continental slope and comparison with
experimentally induced fabric." (1980). Theses and Dissertations. Paper 2297.
PHYLLOSILICATE FABRIC IN NATURALLY 
/
      DEFORMED MUDSTONE FROM THE WASHINGTON 
CONTINENTAL SLOPE AND COMPARISON WITH 
- ~    'EXPERIMENTALLY INDUCED FABRIC 
Peter L. Berglund 
a 
A Thesis 
Presented to the Graduate Comittee 
of Lehigh University 
in Candidacy for the Degree of 





ProQuest Number: EP76573 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76573 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
This thesis is accepted and approved in partial 
fulfillment of the requirements for the degree of 
Master of Science. 
J^f 
(dat/) Professor in Change 






Without the support, assistance, and advice from 
many people this the'sis would not have "been possible. 
I would like to thank: My .wife Chris and children Carrie, 
Tim, and Brian, for suffering through my years as a stu- 
dent; Dr. Bobb Carson, for serving as my thesis advisor 
and for hiring me"as a research assistant; Dr. Paul B. 
Myers, for serving on  my thesis committee; Drs. Jan and 
Terry Tullis of Brown University Department of Geological 
Sciences, for allowing me the run of their x-ray lab; 
Dr Don Forsythe of that same department, for aid in 
the initial reduction of x.-ray •'■data; Dr. James Parks 
of Lehigh, for help in debugging my computer programs; 
and finally the National Science Foundation, whose funding 
(Grant OCE 76  21529) made possible the basic research, 
computer time, and other associated .costs of this research 
projecx. •   ' 
-111- 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS  ■   iii 
LIST OF TABLES  v' 
LIST OF FIGURES , „  .   •  vi 
LIST OF PLATES .' .-,  -  vii 
ABSTRACT .. ..  1 
INTRODUCTION ...... 4 
STATEMENT OF THE PROBLEM .,  12 
SEDIMENT SAMPLES AND GEOLOGIC SETTING  13 
METHODS .  16 
EXPERIMENTAL DEFORMATION   . 16 
SAMPLING PROCEDURE 18 
• Dredged Samples . . . .•  18- 
Artificially Deformed Samples 19 
SAMPLE PREPARATION     •  19 
X-RAY-POLE-FIGURE GONIOMETRY 23 
SCANNING ELECTRON MICROSCOPY ;.. 31 
THIN SECTIONS- 31 
RESULTS •  33 
EXPERIMENTAL DEFORMATION . 33 
VANE SHEAR STRENGTH .  35 
."SEDIMENT MICROSTRUCTURE INDUCED BY 
EXPERIMENTAL DEFORMATION  37 
POLE FIGURES: EXPERIMENTAL DEFORMATION  41 
• MUDSTONE MICROSTRUCTURES  49 
DISCUSSION'AND CONCLUSIONS       52 
REFERENCES .... ~,    . .. . 69 
VITA . , ".....-      127 
-IV- 
LIST OF TABLES 
TABLE I.  Physical Properties of Mudstones     16 
TABLE II.  jat vs Thickness 
' " lgs  28- 
 28 
TABLE III.     X-ray Instrument Setting 
-v- 
) 
LIST OF FIGURES 
Figure 1.   Bathymetric Map of Washington-Oregon 
Lower Slope Showing Dredge Sample 
Locations and Seismic Profiles     14 
Figure 2.   Pole Figure Goniometer Geometry     25 
Figure J.       Computer Generated Diamgram of Coverage 
of Pole Figure with Two Perpendicular 
Spiral Scans     26 
Figure 4.   Squeezebox Deformation '.. .    3^ 
Figure 5>   Vane Shear Strength vs Distance From 
Plate .. .    36 
Figure 6. Partial Pole Figure for Sample 5-1-2. 42 
Figure 7. Partial Pole Figure for Sample 5-1-3. .. 43 
Figure 8. Partial Pole Figure for Sample 5-2-2. 44 
Figure 9. Partial Pole Figure for Sample 5-2-3. 45 
Figure 10. Partial Pole Figure for Sample 5-4-2.. 46 c 
Figure 11. Partial Pole Figure for Sample 5-4-3. 47 
Figure 12.  Tracing of Foliation from Thin Section 
of Sample 79-31     51 
Figure 13.  Partial Pole Figure for Sample 79-31.   * 53 
Figure 14.  Compressional Strain Resulting from 
Simple Shear   ' . 56 
-vi- 
^ 
LIST OF PLATES 
Plate 1.  Photomicrograph of Specimen 5-1 > 
XZ Plane      76 
Plate 2.  Photomicrograph of Specimen 5-1 > 
XZ Plane  .    76 
Plate 3»  Photomicrograph of Specimen 5-2, 
- XZ Plane -       78 
Plate 4.  Photomicrograph of Specimen 5-2, 
YZ Plane      78 
Plate 5-   Photomicrograph of Specimen 5-1« 
XZ Plane . . .....      80 
Plate 6.   Photomicrograph of Specimen 5-1 > 
YZ Plane      80 
Plate 7-   Photomicrograph of Specimen 5-1> 
YZ Plane .^     82 
Plate 8.  Photomicrograph of Specimen 5'-,2, 
XZ Plane      82 
Plate 9. • Photomicrograph of Specimen 5-2» 
* XZ Plane  ....." *. '    84 
Plate 10.  Photomicrograph of Specimen 5-2, 
XZ Plane    , 84 
Plate 11.  Photomicrograph of Specimen 5-2, 
XZ Plane     86- 
Plate 12.  Photomicrograph of Specimen 5-2, 
YZ Plane       86 
Plate 13.  Photomicrograph ofSpecimen 5-2, 
XZ Plane ,  . .     88 
Plate 14.  Photomicrograph of Specimen^-!* 
XZ Plane  .7     88 
Plate 15.  Photomicrograph of Specimen 5-1> 
XZ. Plane      90 
> 
Plate 16.  Photomicrograph of Specimen 5-1»   -, 
XZ Plane ... . -. "      90 
■ -..    ■-•■•.■'■        -vii- '.''_". 
1 
*■* 
Plate 17-    ,Photomicrograph of Specimen 5~1> 
XZ Plane      92 
Plate 18.  Photomicrograph of Specimen $-1, 
XZ Plane ,      92 
Plate 19.  Photomicrograph of Specimen 5-2> 
YZ Plane ~ .      94 
i 
Plate 20.  Photomicrograph of Specimen 79-28....     94 
Plate 21.  Scanning Electron Micrograph of 
Specimen 79-28     -96 
*> 
Plate 22.  Scanning Electron Micrograph of 
Specimen 79-31 .   _ 98 
Plate 23. 'Scanning Electron Micrograph of 
Specimen 79-31 .'.'.'..    100 
Plate 24.  Scanning Electron Micrograph of 
. Specimen 79-31      102 
Plate 25. Photomicrograph of Specimen 79-31 ...    104 
Plate 26.  Photomicrograph of Specimen 79-.31 ...    104 
Plate 27.  Photomicrograph of Specimen 79-31 »..    106 
Plate 28.  Scanning Electron Micrograph of 
Specimen 79-31 '.    108 
Plate 29.  Scanning Electron Micrograph of 
Specimen 79-31     110 
Plate 30.- Photomicrograph, of Specimen 79-31 ... 112 
Plate 31. Photomicrograph of Specimen 79-31   112 
Plate 32. Photomicrograph of Specimen 79-31 ... 114 
Plate 33. Photomicrograph of Specimen 79-31 ••• 114 
Plate 34. Photomicrograph of Specimen 79-31 ••• 116 
Plate 35.  Photomicrograph of Specimen 5-2, 
YZ Plane        116 
Plate 36.     Photomicrograph of Specimen 5-4, 




Plate 37•  Photomicrograph of Specimen 5-4, 
XZ Plane .■      118 
Plate 38.  Photomicrograph of Specimen 5-2, 
XZ Plane     120 
Plate 39.  Scanning Electron Micrograph of 
Specimen 79-31  •     122 
Plate 40.  Scanning Electron Micrograph of 
Specimen 79-31     124 
Plate 41.  Scanning Electron Micrograph of 





Convergent motion of the North American and Juan 
de Fuca plates has resulted in deformation of Cascadia 
Basin sediments and accretion of these deposits to. the 
Washington-Oregon (lower) continental slope. , Near- 
surface accreted deposits consist largely of'Pleistocene/ 
Pliocene mudstones, which have undergone mechanical con- 
solidation. 
Some of th-e,se deposits exhibit a rudimentary spaced 
cleavage.^ The foliation is^inclined*approximately 80° 
to bedding.  Individual folia are typically spaced 1.5 
to 2.0 mm apart, although the spacing varies from 0.5 
to 10 mm.  Observation by scanning electron and optical 
microscopy reveal the folia to be zones o-f.. sub parallel 
phyllosilicate (clay) flakes.  These zones range in 
width from 10jum to 150 p.m,   are at least 10 cm long, 
and commonly anastomose.  Along the edges of the folia, 
grains with an orientation intermediate between bedding 
and foliation are observed. 
Disaggregated deep sea mudstone artificially,, de- 
formed (total strain = -0.17;  strain rate = 1.1 x 
-7 -1 10 ' s  ) in the laboratory also exhibits water loss 
(initial water content<"90 percent dry weight, final   _ 
water content «*60 to 87 percent).  The fabric resulting^ 
-1- , 
V 
from deformation, however, differs markedly from that 
of the natural mudstories.  Two types of microstructures, 
shear fractures and crenulations, predominate.  The 
former commonly dip 25° to 35° and range in length 
from 20'0 jim to 10 cm; in width, they, vary from 15 to 20 
)xm  to as much as 1 mm. The crenulations consist of len- 
ticular domains, generally normal to the axis of maximum 
compressive strain, ranging in width from 20 to 300 jum, 
and in length up to.5 ^m.  Clay flakes are subparallel 
within the crenulations, with orientations alternating 
from domain to domain in a chevron pattern, with internal 
angles of 60° to 100°. 
.Preferred orientations in the artificially deformed 
mudstone measured "by x-ray pole figure goniometry 
'range from a maximum of 2.9 (in multiples of a random 
distribution) to 1.5? "the directions of these preferred 
orientations vary widely from sample to"sample, indi- 
cating a severe inhomogeneity of strain. 
Although there are differences in fabric, there 
appear to be similarities in styles of deformation 
between the" naturally and artificially deformed mud- 
stones, and. in both cases the resultant fabric appears 
to be intimately related with dewatering.  In the natural 
mudstones, it appears that pore pressure, in response 
to tectonic overpressures, eventually exceeds litho- 
static pressure, causing trapped pore fluids to migrate 
- ■■' -2- ' '   , 
along planes normal to the direction of shortening; 
these rapidly escaping fluids cause realignment of 
clay flakes, resulting in the spaced cleavage observed. 
In the artificially deformed mud, water loss is 
uniform rather than rapid, perhaps due to a much lower 
lithostatic pressure.  As clay flakes near the locus 
of deformation rotate, into parallelism, water escapes 
between them. With increasing water loss and strain 
hardening, overthrusting occurs, and additional water 
then apparently escapes along shear planes. 
While it is doubtful that tectonic dewatering is 
solely responsible for the formation of slaty cleavage, 
it is believed to be instrumental in formation of initial 
preferred orientations which are then modified and en- 
■\ - _ 




The mechanisms responsible for development of 
secondary preferred phyllosilicate orientations in 
lutites may be related to the origins(s) of slaty cleav- 
age.  Slaty cleavage is defined as 
... a planar fabric that is uniformly developed 
( or penetrative) throughout all the rock material 
(Ramsay, ,1967, p 177).  Since virtually all slates 
contain, significant percentages of phyllosilicates, this 
definition implies a strongly "developed preferred orien- 
tation of platy or elongate mineral grains.  This pre- 
ferred orientation may be dimensional in the case of min- 
eral constituents such as quartz, but is 'both'dimensional 
and crystall0graphic in the case of phyllosilicates 
(Tullis, 1971). The pervasiveness of the fabric 
. may vary (in intensity) with the degree of strain 
(Ramsay and Wood, 1973)» and some slates are seen to 
consist of alternating domains of quartzofeldspathic 
material and phyllosilicates (Braddock, 1970; Williams, 
1972; Geiser, 197^; Groshong, 1976).  Slaty cl^vage may 
show a gradational relationship with other types\of rock 
cleavage, such as fracture and crenulation cleavage 
(Carson, W., I968; Williams, 1972; Siddans, 1977), and 
with schistosity in coarser and more highly metamor- 
phosed rocks (Moench, 1966). 
-4- 
evel The d opment of slaty cleavage is intimately 
associated with -folding; its axial planar relationship 
was recognized early, in the nineteenth century (Siddans, 
1972).  Numerous studies have shown that slaty cleavage 
develops normal  to the maximum finite shortening, in 
the XY plane of the deformation ellipsoid (Cloos, 19^7; 
Oertel, 1970; Tullis and Wood, 1975; Siddans, 1977). 
Experimentally produced preferred orientations of phyllo - 
silicates have also confirmed- this relationship (Means 
and Patterson, 19665 Quigley and Thompson, \966-,  Clark, 
1970b; Tullis, 1971; Chawla, 1973; Maltman, 1977). The 
strains determined from deformed objects in slates are 
quite large: Ramsay and"Wood (1973) have found the dimen- 
sions of the mean strain ellipsoid for some 990 determ- 
inations to "be l."6./ 1 / 0.25, corresponding to 3,20 per- 
cent extension on X, 35 percrejrt extension on Y, and 65 
percent shortening on Z ( X, Y, and Z being the principal 
axes of the finite strain ellipsoid).  Similarly, Wood 
(1974) found the mean strain ellipsoid for over 5000 de- 
terminations to be 1.76 / 1 / 0.24.  Geiser (1974), on 
the other hand,•reports incipient cleavage zones in a 
silty mudstone which shows only six percent maximum short- 
ening. All slates lie in the deformation field of ap-. 
parent flattening (Ramsay and Wood, 1973)- 
Some authors have expressed alternate views on the 
perpendicularity of slaty cleavage to maximum finite  Cj 
■"..•■'    .     -5- 
shortening. Williams (1976) states that slaty cleavage 
will parallel the XY plane only if the strain history is 
coaxial, which is not generally the case in folding. 
Furthermore, shear strain is actually observed on or 
parallel to some foliation surfaces, indicating that 
cleavage may develop on a plane of shear strain, although 
not necessarily that of maximum shear strain (Williams, 
1976).  Maxwell (1976) and Powell (1974) express the 
view that while slaty cleavage' and folding are. responses 
to the same compressive stress, they are not strictly 
contemporaneous events, with cleavage usually developing 
prior to, or early during, folding.  Once formed, cleavage 
planes, become strain markers subject to reorientation by 
subsequent deformation.  Since 
... texture producing processes that effect phyllo- 
silicates are ... controlled by local stresses oper- ' 
;ating on the scale of strain increments, 
(Siddans, 1976, p 52), there is no reason to expect rigid 
parallelism of cleavage w_Lth the XY plane of the bulk 
finite strain ellipsoid.  _ 
Concomitant with the development of a preferred or- 
ientation in phyllosilicates is a reduqtion in sediment 
volume.  Ramsay and Wood (1973) estimate a volume decrease 
/       ■"       ■ ' ■■.-.■ 
of 10 to 20 percent in development of slate from lithified 
mudstone, although they allow that some slates may develop 
under plane strain conditions with no volume loss.  Maxwell 
(1962) estimates a volume loss of as much as kO  percent 
. ' '-" . . -6-   """   'y   " '"' 
in the transition from water saturated argillaceous 
sediments to slate.        , 
It is clear that slaty cleavage is a plastic flow 
phenomenon. What has remained unclear, through nearly 
150 years of field and experimental research, is the 
mechanism of phyllosilicate alignment within (parallel 
, to) flow planes.  The two mechanisms favored ..currently 
are: 1) "mechanical rotation during tectonic dewatering 
(Maxwell, 1962; Moench, 1966,   1970; Carson, W., 1§68; 
Powell, 1969, 1972a, 1972b, 1973, 197^; Braddock, 1970; 
Clark, 1970a; Alterman, 1973; Moore, 1973); and 2) 
pressure solution (solution transfer) (Durney, 1972; 
Williams, 1972; Boulter, 197^; Burger, 197^; Wood, 197^; ' 
Geiser, 1975; Holeywell and Tullis, 1975; Groshong, 197^, 
1976; Siddans, 1977). These mechanisms differ not only 
in the proposed state of lithification at which slaty  *-L-N 
cleavage develops, but also in the suggested causes for 
the plasticity necessary for flowage to occur.  According 
to the tectonic dewatering hypothesis, phyllosilicates 
are rotated in soft sediments made plastic by abnormally 
high pore pressures.  According to the pressure solution 
hypothesis, pl'aty mineral residues are left by the differ- 
ential solution and recrystallization of soluble quartzo- 
feldspathic material, plasticity being the result of 
elevated temperature and pressure.  Preferred orientations 
developed by either mechanism can be enhanced by later, 
-7-       ■.'.".'. "•-' " 
syn- to post-tectonic recrystallization under metamorpftic 
conditions (Oertel, 1970). 
Maxwell's (1962) dewatering hypothesis is founded 
in part on'-the work of Ruby and Hubbert (19^9; see also 
Hubbert and Ruby, 1959)» who suggestefl that, under proper 
conditions, pore fluids may become trapped in buried sed- 
iments and attain anomalous pressures (pressures in excess 
of "hydrostatic pressure) even approaching that of litho- 
pressure. When this occurs, compaction of the sediments 
is prevented, and normal grain to grain pressures are 
v—' 
largely supported by the pore fluid; thus the rotation of " 
platy minerals under tectonic stress is facilitated. 
The conditions necessary for development of such high 
pore pressures are commonly taken to be rapid deposition 
and burial of interbedded argillaceous and arenaceous ' 
sediments (which act as fluid reservoirs), large total 
thickness, and rapid' loading (Ruby and Hubbert, 1959). 
This loading can be either sedimentary or tectonic, but 
would necessarily be tectonic for the development of 
slaty cleavage.  As parallelism of phyllosilicates in- 
creases, the developing anisotropic fabric increases 
permeability and dewatering occurs along cleavage 
planes (Alterman, 1973). allowing growth of new crys- 
tals of clays.and chlorite (Moench, 1966). 
The most frequently cited evidence for a soft sed- 
iment origin of slaty cleavage is the parallelism of 
• - 
'■''.-  -8- 
clastic dikes with cleavage (Maxwell, 1962; Moench, 
1966, 1970; Powell, 1969, 1972a, 1972b, 1973; Braddock, 
1970; Alterman, 1973; Moore, 1973).  These dikes are 
presumably implaced by water-saturated sediment injec- 
tions (Maxwell, 1976) which emanate from argillaceous 
or arenaceous beds when pore pressure exceeds confining 
pressure.  Cleavage appears to be enhanced in the vic- 
inity of the argillite*injections (Clark, 1970a; Maxwell, 
1976).  Powell (1969, 1972a) sees the occurence of these 
"anastamosing pelitic folia" as an actual mechanism for 
development of preferred orientation; i.e., the escape, 
of water causes alignment rather than the converse.  It 
is notable that what appear to be the same type of pel- 
itic folia are observed in mudstones from depths of 300 
to 800 m in cores taken on DSDP Leg SI  in "t'he vicinity 
of the Japan Trench (Carson,,1978, personal communication). 
Proponents of a solid state origin for slaty cleav- 
age explain dike-cleavage parallelism as being due to 
rotation of the dikes by large finite strain.  (The de- 
velopment of parallelism by rotation with increasing 
r    strain is treated in-Ramsay, I967, 1976).  Groshong (1976) 
calculated sufficient strain in the Martinsburg (-63 per- 
cent) to rotate dikes into parallelism; in addition, he' 
cited numerous examples of clastic dikes in rocks passess- 
ing no cleavage, showing that no causal relationship ex- 
ists between clastic dikes and cleavage.  Boulter (197^0 
, -9- 
graphically strained (-60 percent homogeneous plane 
strain) drawings of clastic dikes from uncleaved rocks, 
acheiving results similar in appearence to dikes found . 
accompanied by cleavage.  Geiser (1975) shows dikes that 
are extended (boudinage) when nearly parallel to cleavag^ 
and folded when at high angles to cleavage.  Furthermore, 
he states that parallelism of dikes to cleavage has not 
been conclusively -demonstrated, with his own measurements 
from the Normanskill formation showing a mean dihedral 
dike-cleavage angle of 14 degrees.        "    i 
These arguments are countered by Powell ('1976), who 
found that when the direction of rotation is accounted 
for, his measurements fromithe Siamo slate how a dike- 
cleavage divergence of less than two degrees, small enough 
to allow statistical parallelism.  Powell (1972a), Alterman 
(1976), and Maxwell C1976) all point out that the intru- 
sion of'Clastic dikes is a brief event during deform- 
ation, and once formed, dikes may be rotated, possibly 
at a rate differing from that of individual phyllosili- 
cate grains (Alterman, 1976). *>» 
A further objection to the dewateririg hypothesis 
arises from the presence of deformed fossils in some 
slates (Wood, 197^)•''Fossils presumably deform contemp- 
oraneously with' the matrix in which they lie, and thus 
their deformation in soft sediment is difficult to ex- 
plain.  Many slates, however, originate in black shale 
-10- 
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environments, where reducing conditions, might allow 
/   leaching of shells, making them as plastic as the sur- 
rounding sediment (Maxwell, 1976). 
The solution transfer mechanism responsible 'for 
solid state development of slaty,cleavage is elegantly 
explained in terms of nonhydrostatic thermodynamics by 
Durney (1972).  Since solubility is a function of normal 
stress <f , mineral grains will, dissolve along surfaces 
statistically normal to <^ (maximum compression axis) 
and will* grow on surfaces normal to <f3 (minimum compres- 
\^ sion axis).  Dissolved material is transferred along 
grain boundaries by diffusion.  These processes 
... can occur under differential stresses lower 
than those required for most other rock deform- 
ation mechanisms... 
(Durney, 1972, p 315).  Up to 20 to 30 percent of the 
rock mass can be transferred in this-manner (Burger, 
197^0.  As volume and mechanical support are reduced 
with the removal of soluble mineral grains, the phyllo- 
silicate residue becomes strongly aligned parallel to 
the pressure solution surface (Durney, 1972). 
The pelitic folia which Powell (1969, 1972a) sees 
as dewatering phenomena are interpreted by others as 
* 
insoluble residue left by selective pressure solution 
and transfer of quartzofeldspathic material (Williams, 
1972; Geiser, 1975; Groshong, 1976). These folia are 
often separated by quartz-rich domains, in which grains 
-11-j 
show pressure shadows and are truncated on their contacts 
with the pelitic domains (Groshong, 1976).  The intens- 
ity of the slaty cleavage is a function of the relative 
quantities of these phyllosilicate and quartzofelds- 
pathic domains (Williams, 1972). 
From the preceeding discussion it is evident that 
the same field and petrographic evidence is often called 
upon m support of either mechanism of slaty cleavage 
development^.  This'is due to the fact that virtually all 
of the rocks in which slaty cleavage' has been studied 
have been subjected to at least low-grade meta,morphism. 
Recrystallization and pressure solution can mask the 
effects of grain rotation during dewatering, rendering 
evidence inconclusive.  While experimental studies 
(Means and Patterson, 1966; Clark, 1970b; Tullis, 1971; 
Chawla, 1973; Maltman, 1977) have shown mechanical ro- 
tation alone to be sufficient for the development of 
preferred orientation, in only two cases known to this 
author have (developing) preferred orientations been 
reported_in deformed, but unlithified, Pleistocene sedi- 
ments (Moore and Geigle, 197^; Barnes and Ross, 1975). 
STATEMENT OF THE' PROBLEM 
It is the purpose of this study to determine if pre- 
ferred orientations of phyllosilicates exist in techn- 
ically deformed but unlithified (Pleistocene) mudstones 
V. 
from the Washington continental margin, and to evaluate 
development of incipient slaty cleavage "by deformation 
in this convergent tectonic setting.  These preferred 
orientations will, furthermore, be described, character- 
ized, and compared to preferred, orientations artificially 
induced in the same sediment'by laboratory experiment. - 
SEDIMENT SAMPLES AND GEOLOGIC SETTING. 
■( 
The sediments used in this study are deformed mud- 
stones dredged from the lower continental slope off 
Washington and northern Oregon (Carson, 1977). While 
these sediments are not lithified, they are sufficiently 
consolidated to allow dredging of coherent blocks which 
yield undisturbed, interior samples/ In addition, dis- 
aggregated mud from one of thedredge samples has been 
artificially deformed in a squeezebox by horizontal com- 
pression under saturated but unconfined conditions (Carson, 
1976).  The sampling sites (fig. 1) lie on the westward 
1 
(seaward) flanks of a series of imbricately thrusted 
anticlines which strike north-northwest/south-shoutheast 
along the lower Washington-Oregon continental slope'1 
(Carson et al, 1974; Carson, 1977). These folds are 
apparently the result of progressive accretion of off- 
scraped Cascadia Basin sediments as the Gorda-Juan de 
Fuca plate subducts beneath the North. American plate 
(Silver, 1972;" von Huene and Kulm, 1973; Carson et al, 
-13-       "        ' 
0 A . 
c 
Figure 1: r Bathymetri-c Map of Washington-Oregon Lower 
Slope "Showing Dredge Sample Locations and 
Seismic Profiles (Carson, 1977). 
-14- 
1974; Carson, 1977). 
The samples used in this study came from sites 79-31 
and 79-28 (fig. l).  The former is located on the western- 
most ridge while the latter lies 30 km to.the east and 
south.  The mud deformed in the laboratory was prepared 
from sample 79-14, located approximately midway'between 
the o.ther two samples. 
Rates of subduction calculated by several methods 
are all in reasonable agreement: Atwater (1970), 2.6 cm/ 
yr; Silver (1972), 2.0 cm/yr; von Huene'and Kulm (1973). 
1.6 to 2.7 cm/yr; Carson (1977), 2.3 to 2.9 cm/yr.  Assum- 
ing a mean rate of 2.3 cm/yr, sample 79-28 must then be 
approximately 1.3 million years older than sample 79-31, 
which (sample 79-31) is of late Pleistocene age,( 0.3 x 
1A6 10 years). 
TheVe are several indications that the samples used 
in this study have never been deeply buried.  The collec- 
tion procedure (dredging) insured that samples were taken 
only from the surface, and seismic profiles (Carson et al, 
1974) indicated..that slumping has been minimal.  Thus, it 
may safely be assumed that mineral orientations (other 
than parallelism with bedding planes) determined in this 
study are the result of mechanical, tectonic consolidation 
only.  This conclusion if confirmed by the physical, prop- 
erties (Table I-)".of the sediments (Carson, 1977). 
-15- ■'- \ ' . 
TABLE I: PHYSICAL PROPERTIES OF MUDSTONES 
\ 
..Specimen: 79-31 79-28 
Water Content: 
(percent dry- 
weight) 29.77 , 24.87 
Max. Past Pressure: 
(T/M2) 250 330 
Shear Strength: 
(kg/cm2) 4.25 3-90 
,METH0DS 
4 
EXPERIMENTAL DEFORMATION. - 
A squeezebox apparatus was designed by Dr's. Bobb 
Carson and Terrance J. Hirst to simulate initial hori- 
zontal compression and concomitant dewatering of deep 
-1.        '' •     ' 
sea sediments involved in subduction.  The squeezebox. 
consists of a plexiglass trough (inside dimensions: 125 
cm long x-20.2 cm wide x 20 cm high) in which a plate at- 
one end -moves horizontally.  The plate is driven by rack 
and pinion gears and a synchronous motpr' coupled through 
two gear reducers (1000:1 and 200:1).  Interchangable 
motors allow the selection of various final drive rates, 
with those available for this experiment, yielding rates 
of 99-7, 9.97-n and 0.997 /Acm/s. The intermediate rate 
was selected for this experiment, being only two orders 
of magnitude greater than the natural convergence rate 
-16- 
for this areaNand confining the experiment to a reason- 
able length of time.  This rate results in a strain raite 
of 1.1 x 10"7 s_1. 
Bulk density (Myers _et al, 197^) and thus water 
content (Richards et al, 1974-) of the sediment in the 
squeezebox is measured by gamma ray attenuation.  A 
steel frame surrounding the box holds the gamma ray 
unit which consists of a Cs -" source on one side of the 
box arid a scintillation detector on the other,  Gamma 
rays passing through the box are counted by, a multichannel 
-i 
analyzer, and the system is calibrated by scanning sol- 
utions of known densities which bracket those found in 
the sediment. The gamma ray unit rides horizontally on 
two rails which are adjustable vertically at 1.9 cm 
increments; thus an array of regularly spaced points can 
4 
be- monitered repeatedly.' 
A slurry of mud (disaggregated mudstone from site 
79-14-; 59 percent silt, 4-1 percent clay, and less than 
1 percent fine sand, and deaired Instant Ocean) with an 
initial water content of approximately 90 percent (dry 
weight) was installed in the box to a depth of~ 12 cm 
and deaired with a concrete vibrator.  The sediment 'was 
-  r      •      "~ 
then submerged in Instant Ocean, and allowed to passively 
consolidate (to 10 cm) for two weeks.  The mean water con- 
tent following consolidation was 87 percent. 
-17- 
Following the consolidation period,. ^the mud was de- 
formed "by horizontal compression over a period of 431.3 
hours, with a total shortening of 15.4 cm (ove.rall e= 
0.171).  During this time water contents were monitered 
and line drawings and photographs of-the fracture pat- 
terns were made approximately every 24 hours. 
■"■•- -7 
SAMPLING PROCEDURE. 
Dredged Samples. Inspection of twenty-six original 
dredge samples indicated that thirteen exhibited macro- 
v 
scopic evidence of foliation (hackly parting, fissility 
on subparallel planes; Carson, personal communication). 
These specimens were cidsely examined for presence of 
cleavage by binocular microscope and two samples were 
selected for further study.  These samples were trimmed 
to remove disturbed portions, and two orthogonal cuts 
were made in each, one normal to; and one parallel with 
a reference axis defined by the bedding-cleavage inter- 
section.  (This orientation was not strictly adhered to 
in the case of sample 79-31; this is due to the fact 1;hat 
the foliation in this sample was discovered on the faces 
of saw cuts made, previously for another purpose.  This 
set of cuts was orthogonal, and within 15 of the 
proper orientation; as the sample was relatively small 
and fragile," it was decided to'use it as cut.) Thin 
./-l^        \ -  - 
sections,, x-ray transmission sections, and SEM mounts 
were subsequently prepared from the cut surfaces. 
Artificially Deformed Samples.  The squeezebox mud 
was cored, following deformation, at three locations: 
sample number 5-1, 3 cm from the plate (surface of active 
convergence); sample number 5-2, 16 cm from the plate; 
and. sample number $-k,   56  cm from the plate.  Thin walled .. 
4 cm (ID) plastic tubing was used for the cores with the 
cutting edge beveled to minimize disturbance.  These cores 
were sealed in plastic bags until subsequent impregnation. 
•Following the completion of squeezebox deformation, 
and prior to removal of cores, vane shear strength de- 
terminations were made at 5 cm intervals along the length 
of the box. The tests were performed with a standard 
Wykham-Farrance vane shear apparatus in accordance with 
ASTM standards.(rotation at approximately 20°/ min). 
The apparatus consisted of a 2.5^- cm v&ne, driven through 
a strain transducer by a small motor mounted on a frame 
which allowed the vane to be slowly lowered into the mud. 
The transducer was connected to an x-y recorder, and the 
system was calibrated by hanging weights from a flywheel 
(5-6 cm in diameter) inserted into the vane chuck. 
SAMPLE PREPARATION. 
Petrofabric studies on unlithified sediments must 
deal with the inherent problem of fabric alteration by 
•  -19- 
sample extraction and preparation.  This difficulty was 
exacerbated in this study by the high water contents of 
the squeezebox sediments; since the SEM operates in a 
vacuum, samples must be absolutely dry, and since both 
x-ray goniomatry and thin sectioning require grinding 
and polishing, the fabric must usually be fixed by an 
impregnating medium.  Unfortunately, sediment fabrics, 
.especially those of clays, can be disrupted by pemoval'of 
water'(due to increases in surface tension) and impreg- 
nation. 
An impregnation technique for wet sediments was de- 
veloped by Mitchell (1956) which causes only minimal fab- 
ric disturbance. The impregnating medium is a high mol- 
ecular weight polyethylene glycol (Carbowax 6000), which 
o is water soluble, melts at 55 C.f and has a hardness of 
one on Moh's scale.  The sample is immersed in a bath of 
.    o 
molten Carbowax (at 60 C), which replaces the pore fluid 
by diffusion.  Once impregnation is complete, the sample 
is removed from the oven and allowed to harden, whereupon 
it may be cut and ground normally,with the exception that 
kerosene or some other organic solvent must be used as a 
lubricant.  The time necessary for completion "of impreg- 
nation is a function of perosity, permeability, and length 
of the diffusion path;  squeezebox cores 5-1 and 5-2 were 
impregnated for approximately 3a .months*, while 5-^ was 
-20- 
left in the molten wax for an additional 1-g- months. 
During the flatter period, an unfortunate change occured 
in the composition of the wax such that it would not 
harden properly.  It. then became necessary to freeze. ><^ 
this core (5-4) in liquid nitrogen prior to and during 
subsequent grinding operations. 
A number of clay fabric studies have successfully 
used Carbowax impregnation, apparently without signifi- 
cant fabric alteration (Martin,. 19&6-,   Quigley. and"~~v 
Thompson, 1966;  Gillot, 1970; Tchalenko, Burnett, and 
Hung, 1971; Chawla, 1973).  Quigley and Thompson (1966) 
measured volumetric shrinkage of 22 percent after Carbo- 
wax impregnation of clay with an initial water content 
of 78 percent (dry weight).  This compares with a vol- 
ume loss of 40 percent in a similar air-dried sample; 
furthermore, shrinkage was nearly the same parallel and 
perpendicular to the specimen reference axis, 'and thus 
could not augment or diminish any preferred orientation 
present.  Kazi (1975) similarly measured volume losses 
of 4 to 5 percent and 6 to 10 percent in Carbowax-impreg- 
nated clays with initial water contents of 35 and 51.k  per- 
cent respectively.  MarTdn'('1966) found no significant 
difference in x-ray fabric determinations on identical 
samples, one impregnated with Carbowax, and one frozen 
in liquid nitrogen.  Gillot. (1970) found that x-ray 
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fabric determinations differed somewhat among samples 
that were freeze-dried, critical point-dried, and impreg- 
nated in Carbowa^ but these differences were small com- 
pared to the effects of air drying.  ITI the present study, 
linear structures such as shear planes were observed to 
be apparently undisturbed by Carbowax impregnation.  In 
particular, one sample contained a major shear fracture 
along which the core separated upon extraction.  The 
surfaces of this fracture remained planar following the 
Carbowax impregnation. 
Following impregnation, the squeezebox cores were' 
cut on two orthogonal planes, both parallel with the axis 
of compression (the long dimension of the box), one hori- 
zontal, and one vertical. From these surfaces, thin sec- 
tions and x-ray transmission sections were prepared. 
While thin sections were prepared in the normal manner, 
the x-ray transmission sections were prepared by scraping 
and shaving slices to the proper thickness with the edge 
of a glass slide.  (This technique was suggested by Dr. 
David Baker; personal communication). 
While the water contents of the mu'dstone samples ^- 
were too low to allow effective impregnation by Carbowax, 
they were also low enough to allow air-drying without sig- 
nificant damage to fabric; these samples, when dried,    .: 
contained none of the closely space dessication cracks 
\    ''■ .-22-      * 
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typical of air-dried samples of higher initial water con- 
tents.  Once dry, they were impregnated under vacuum with 
Scotchcast Resin #3 (Minnesota Mining and Manufacturing 
Co., Philadelphia, Pa.), a low viscosity (100 cps @ 95° C) 
epoxy resin developed for impregnation of finely-wound 
electronic coils. 
X-RAY POLE FIGURE GONIOMETRY. 
The technique of x-ray pole figure goniometry was 
originally developed for the study Of textures in metals 
(see Barrett and Massalski, 1966).  It was first used in 
geological investigation by Means and Patterson (1966) 
and attained its current level of refinement with the 
work of Baker, Wenk:, and Christie (1969).  It has since 
been utilized in numerous studies of preferred orienta- 
tions in slates (Oertel, 1970? Tullis, 1971; Oertel and 
Curtis, 1972; Tullis and Wood, 1975; Siddans, 1976; Wood 
et al, 1976);-schists (Lipshie, Oertel, and Christie, 
1976); and experimentally deformed clays (Martin, 1966; 
Chawla, 1973) and mica aggregates (Means and'Patterson, 
1966; Tullis, 1971). 
In the current study, a modified Seimens pole fig- 
ure goniometer at Brown University's Department of Geo- 
logical Sciences was used to obtain pole figures of the 
chlorite 001 plane (d = 7$.,   2§ = 12.5, Cu K°0 for three 
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squeezebox cores and one mudstone.  The instrument modi- 
fications are described in Holeywell and Tullis (1975)» 
and were made to allow motorized 2§ scans and automated 
spiral scanning of the pole figure. 
The process of x-ray pole figure goniometry involves 
initial 2§ scans for selection of a suitable peak (one 
which is well defined and free of interference from neigh- 
boring peaks).  The aperture and detector are then set 
to the desired 2§ angle, and the specimen is scanned 
while rotating about its normal axis {/3revolution, fig. 
2).  During this rotation, the specimen normal is slowly 
tilted ("Ctilt, fig. 2) in the plane of the x-ray beams 
at the rate of 2.5 degrees''pe-rcfull.'^ revolution.  As the 
specimen rotates in this manner, the continuously recorded 
diffraction intensity is a function of the 001 pole dens- 
ity for a given specimen orientation.  The trace of the 
scan defines a spiral on the pole figure (lower hemi- 
sphere equal area projection, fig. 3)• 
Two modes of operation are possible with the pole 
figure device: reflection and transmission.  In the re-   «. 
flection mode, the specimen normal bisects the angle 
formed by the primary and diffracted beams.  In the trans- 
mission mode, the plane of the specimen'bisects this angle. 
Since the instrument allows a maximum TZ- tilt of 40°, cov- 
erage of the complete pole figure requires a combination 
-24- 
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DIFFRACTED. 
BEAM 
Figure 2:     Pole Figure Goniometer Geometry, 
T25- 
Figure J:. Computer Generated Diamgram of Coverage of 
Pole Figure with Two Perpendicular Spiral 
Scans. 
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either one reflection and one  transmission scan, or 
transmission scans of three orthogonal sections.  Since 
serious defocusing of the beam occurs in reflection at 
low 2§ values (Baker, Wenk, and Christie, I969), trans- . 
mission was used, exclusively in this study.  Although 
three transmission scans are required for complete cov- 
erage, the use of two -scans, if both are made on sections 
cut perpendicular to cleavage (Wood et al, 1976) will 
leave four 10 x 24 triangular areas on the periphery 
of the pole figure (fig. 3)« When it can be ascertained 
that no critical information will be lost in these areas, 
two scans are sufficient (Oertel and Curtis, 1972).. 
•The proper thickness of a transmission specimen is 
one that will cause attenuation of the x-ray beam by 
e~P  , where jut = 1; y  is the linear absorption coeffic- 
ient, and t is thickness.  This thickness for most rock 
materials is 100 jam; in this case, owing to the high por- 
osity and fragility of the specimens, specimen thickness 
was held to a range of 155 "to 236 ;um.  These specimens 
still gave acceptable values of jut (see Table II). 
Spiral scans were run on two perpendicular sections 
each from mudstone 79-31 and three squeezebox cores. 
Beta revolution was at a rate of 12 degrees/min., each 
scan lasting 8 hours.  Instrument and panel settings are 
given in Table III. 
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TABLE II: ut VS. THICKNESS 
Specimen Thickness (um) JJi 
79-31 188 1.339 
5-1-2 205 1.116 
5-1-3 208 1.002 
5-2-2 188 0.914 
5-2-3 - 236 1.304 
5-^-2 ' 155 -0.905 
5-4-3 173 .O.943 
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The intensity recorded on the stripchart is the 
sum of "background and net intensity.  Background was 
measured "by running 2© scans at a (3  value which gave 
low total intensity, one att.= 0 and one at Z^= 40 . 
Background could then be interpolated under the*diffrac- 
tion peak. ". 
As the specimen tilts (increasing T>), a» greater vol- 
ume ~ls irradiated and thus absorption increases.  Tullis 
(1971) thus found it necessary to use a background correc- 
0 
tion:"' 
Bgr/Bgo = exp(jut(l/Qos§ - l/cos(r-©)))        (1) 
where:    Bg& = background at tilt C 
Bgo = background at zero tilt 
£ = tilt angle 
© - Bragg angle. 
Baker, Wenk, and Christie (1969) and Chawla (1973), 
however, used no tilt correction.  In this study, both 
background total intensity were found to decrease with 
tilt, and the best agreement between plotted pole figures 
and strip charts was obtained through use of a correction . 
(Decker, Asp, and Harker, 194-8) for total raw intensity: 
Icorr'= Iobs((jut exp(-ut/cos©)/cos©) (cos(©-T)/ 
cos(@+£)-l)/(exp(-;it/cos(§-r))-exp(-;jLt/ 
cos (§+£)).)) , (2) 
where:    Icorr = corrected intensity 1  *• 
'   ~ " -29- 
lobs = observed intensity 
)it,   §, Z  as defined above in (1) 
The value of )xX  used in this formula was determined by 
substitution of observed background ratios (Bg. /Bgn) into 
equation (l) 
The strip charts from the spiral scans were digitized 
with a Taios cybergraph.  The digital points were fed into 
a Tektronix 4-051 desk-top computer, and interpolated at 
24 -second (4.8°/3) increments.  The interpolated data were 
processed by a program (Berglundi 1978) which transforms 
instrument coordinates into specimen coordinates, sub- 
tracts background, corrects intensities for absorption 
changes due to tilt (equation (2), above), and plots net 
intensities in equal area stereographic projection. 
The resultant pole figure must then be normalized in 
multiples' of a random distribution of poles.  The technique 
<■   . 
outlined by Tullis (1971, p 69) was followed: A rough est- 
imate of random intensity (that intensity expected' in a 
sample with random fabric) is made, and a provisional pole 
figure prepared, contoured in multiples of the estimated 
random intensity.  The pole figure is then integrated by 
measuring areas between contours with a polar planimeter 
and multiplying each area fraction by its mean intensity. 
For a properly normalized pole figure-, the integral 
(^ (area-fraction) (mean intensity)) should equal one; _the 
-30- 
correct random intensity is thus found by multiplying the 
estimate by .the value of the integral.  The correctly 
normalized pole figure can then be plotted. 
SCANNING ELECTRON MICROSCOPY. 
The scanning electron microscope (SEM) was used ex- 
tensively in this study to ascertain the microstructure of 
the foliation in specimen 79-31'  Attempts "to examine 
freeze-dried squeezebox mud samples, however, proved un- 
successful.  The extremely high porosities of these spec- 
imens prevented complete coating of the specimen surface, 
resulting in charging by the electron beam and consequent- 
ly extremely poor image quality.  Mudstone specimens were 
prepared by fracturing air-dried specimens,  blowing 
clean the fractured surface, and coating with a thin 
(several hundred S) layer.of carbon in a vacuum evapora- 
tor. 
THIN SECTIONS. 
While clay-sized paricles are usually not resolvable 
with the optical microscope, the phenomenon of aggregate 
extinction makes thin sections quite useful in the study - 
of argillaceous fabrics.  Furthermore, since all clays 
and micas are optically length-slow (parallel to the basal 
plane), examination under crossed nichols with the gypsum 
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plate (/\) reveals preferred orientation by color (green 
if perpendicular to the slow ray of the gypsum plate and 
yellow if parallel); qualitative intensity of the prefer- 
red orientation is indicated by the purity or uniformity 
of the color.  Observation of thin sections also allows 
- viewing of much larger areas than those seen with the SEM, 
and.,the planar nature of thin sections makes them most 
useful for the determination of larger scale structures. 
Thin sections were prepared in the normal manner, 
with two exceptions: First, as Carbowax is water soluble, 
sections from the squeezebox had to be ground in kerosene. 
Second, since Carbowax melts at 55 C. and Scotchcast 
o 
epoxy softens at 100 C, Lakeside  could not be used for 
bonding in either case.  Hillquist thin section epoxy was 
selected as an alternative; it cures at room temperature 
in 24- hours. This epoxy, however, proved an unfortunate 
choice; one part of the mixture was found (after prepar- 
ation of the thin sections) to be contaminated with min- 
ute (~20;um) rhombic crystals, which become increasingly 
^ visible and annoying in areas where .the section tapers to 
minimum thickness, precisely the regions where resolu- 
tion of small grains is optimal.  An additional problem 
associated with this epoxy is its tendency to form bub- 





The stuctural configuration of the sediment mass 
is shown before, during, and after experimental deform- 
ation in figure 4.  Within 24 hours of the onset of 
squeezing (z = 0.8 cm; z is horizontal travel of squeez- 
ing plate),.shearing developed within 1£ cm of the plate 
.  .    - ■-       o     o 
on planes dipping variously 10 to 30 toward the plate. 
These fractures continued with time to propagate aw«.y from 
the plate; by 73-1 hours (z .= 2.6 cm), a series of short 
(2-20mm) en echelon shear fractures had developed with the 
same attitude.  The first shearing on planes dipping 
(at 20°) away from the plate developed by 95-8  hours (z = 
3.35 cm); these fractures lengthened until at 143.4 hours 
(z'= 5*05 cm), there was roughly an,equal distribution of 
fractures dipping in each direction.  Over the next several 
days of the experiment, however, movement on planes dip- 
ping toward the plate began to dominate? by 214.0 hours 
(z = 7«6 cm), two major overthrusts, actually continuous, 
sets.of smaller fractures running from near the bottom of 
the box to-the sediment surface, had developed.  These 
planes, dipping 20° (the set closer to the plate) and 25° 
(the set further from the plate), were to accommodate much 






I 5-1  | 5-2 I 5-4 
Figure 4: Sgueezebox Deformation,  a) Time (t) ="0, 
Distance Travelled by Plate (z) =0; t>) t = 73.1 
hrs.., z = 2.6 cm; c) t = 14-3.4 hrs. , z. = 5.05 
cm; d) t = 246.7 hrs. , z = .8.75 cm; e) t = 
361.0 hrs., z = 12.85 cm; f) t = 43I.3 hrs., 
z = 15.4 cm* 
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Additional shear displacements continued to appear, how- 
ever, and some of the older fractures closed and all but 
disappeared as movement ceased at one point to be taken 
up at another. At 335^5 hours (z =11.95), faulting 
had occured beyond the tip of the furthermost over- 
thrust, along several planes dipping 25 away from the 
plate.  These displacements developed further as move- 
ment continued along the overthrust.  By the end of the 
experiment, faulting had extended 4-5 cm from the plate; 
final fault attitudes were> 20° to 30' , dipping both to- 
ward and away from the plate in the vicinity of core 5_1> 
arid 22 to 25 ,  dipping toward the plate, in the vicinity 
of core 5-2. 
Total movement of the plate was 15.4- cm; this yields 
a total compressive strain value of -0.17- 
Water loss ranged from a maximum of 30.6 percent 
(of original water content) 11 cm from the plate and 8 
cm above the bottom of the box, to a minimum of 2.5 per- 
cent at the far end of the box, near the surface. 
VANE SHEAR STRENGTH. 
Vane shear strengths after deformation ranged from 
l.$k  kPa, closest to the plate, to 0.77 kPa at the far end 
of the box, showing a general decrease with increasing 
distance from the plate and increasing water, content (fig. 
5).  The maximum vane shear strength measured is extremely 
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DISTANCE FROM PLATE    (CM) 
Figure £:    Vane Shear Strength v.s Distance From Plate 
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low, however, indicating little resistance to shear 
strain. 
s» 
SEDIMENT MICROSTRUCTURES INDUCED BY EXPERIMENTAL 
DEFORMATION. 
The microstructure of the squeezebox sediment, as 
seen in thin section, is characterized chiefly by severe 
inhomogeniety; while some shear fractures may persist 
laterally for several centimeters, areas in which the 
2 fabric is homogeneous are rarely greater than 20 mm in 
areal extent. 
Two types of structures are 'common: shear fractures 
(plates 1, 2, 3» *0 > and a domainal structure consisting 
of narrow, lenticular, alternating domains in which clays 
are inclined in opposite directions to the axis of the 
domain (plates 5, 6, 7, 8, 9, 10, 11, 12).  These latter 
structures are referred to in the literature as. crenu- 
lations (Maltman, 1977) when the alternate bands are sym- 
metrical, and kink bands when one set of domains dominates 
and the inclination angles differ markedly (Maltman, 
1977; Morganstern and Tchalenko, 1967; Tchalenko 1968). 
This terminology will be used here; crenulation, however, 
is not to be confused with crenulation cleavage, for al- 
though these crenulaxions are somewhat similar morpholog-' 
ically to that type of cleavage, they lack the axial 
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planar cleavage characteristic of true crenulation cleav- 
age, j 
The crenulations consist of lenticular domains, 
rarely longer than 5 nun, which, when viewed With crossed 
nichols and gypsum plate, appear as yellow and green 
stripes (light and dark zones in plates 5> 6, 7, 8* 9, 
10, 11, 12) owing to opposite orientations within alter- 
nate domains. They are most commonly oriented parallel 
to the trace of the xy plane (plane parallel to plate - 
x is vertical, positive downward; y is horizontal, posi- 
tive toward the front side of the box; and z is horizont- 
al, the direction of compression).  Less often, they are 
inclined at small angles (- 15°) to the x and y axes, and 
occasionally can be found nearly parallel to the z axis 
(plate 4).  Angles between aligned clay flakes and domain 
axes in the latter case, however, are usually less sym- 
metrical. 
The internal angle formed by the junction of clay 
flakes in the crenulations varies from 60 to 100 ; the 
width of the individual domains is equally variable, rang- 
ing from 20 jam (plates 1 and 7) to as much as 300 jam 
(plate 10). 
Shear fractures (macro- and microfaults) are per- 
vasive in the squeezebox mud and are largely responsible 
for the inhomogeneity of the fabric.  They are commonly 
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inclined 25 to 35 "to the z axis, but in some cases 
this angle is as high as 45 or as low as 0°.  They occur 
in four size classes, characterized "by length, width of 
shear zone, and spacing between adjacent faults: 
(1) Macrofaults, those observed with the unaided] 
eye and traced during the progress of deformation.  These 
faults are up to^ 1 mm wide, range from less" than one to 
greater than 10 ,cm in length,^and are spaced on the order 
of 1 cm apart.  "Gouge zones" arV^obseryed microscopically 
along some of these faults (plate 13} •  Faults of this 
class tend to make smaller angles with"the z axis than ■ 
do those of the other three classes, usually 20° to 25°. 
(2) The second class of shear fractures, and those 
most commonly observed microscopically, range in width 
from 200 to 300 _umv are on the order of 1 cm in length, 
and are commonly spaced 300 to 500 jam apart.  These frac- 
tures are frequently parallel, sometimes en echelon. 
Examples can be seen in plates 2, 3> ^» and 14. 
.(3) Faults of.the third class are typically 50 to 60 
urn in width, approximately 2 mm in length, and are spaced 
approximately 500 urn apart (plate 1). 
(4) The smallest faults observed are 15 to 20 jum in 
width, some 200 to 500 urn in length, and are spaced 20 to 
70.-fim apart (plates 1, 15, 16).  Sets of these faults are 
2 generally limited to areas of less than 1 mm ; they are 
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observed even in cor^e 5-^» taken $6  cm from the plate. 
Within the outer portions of the gouge zones of the 
largest faults, clay flakes are oriented parallel to the 
direction of shearing (plate 28).  In the central regions, 
however, they lie at a small angle (10° to 20°) to the 
plane of shearing. 
This relationship is also observed in the second 
class of faults; within the shear zones," clay flakes are 
well oriented with a rake of 15° to 30° to the shear 
"\plane, while they are parallel to shearing along the bor- 
ders of the zone (plates 2, 3» 14,'17).  In the smallest 
two classes of faulting, however, due to the extremely 
narrow width of the shear zones, all of the clays are 
seen to lie parallel to the shear surface (plates 1, 15. 
16). - ' 
Some shear zones are observed which do not form 
well-defined displacement discontinuities; these are mani- 
fested as small areas in which the preferred orientation 
is the direction of shearing.  This type of structure may 
sometimes be seen as limbs of asymmetric crenulations, 
and as incipient faults nearly parallel to the z axis 
(plate 4). .     ' 
In addition to crenulations and shear fractures, a 
third type of structure is occasionally seen. Within 
each of the thin sections from cores 5-1 and 5-2» 
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areas are observed with the "expected" preferred orien- 
tation, i.e.,-normal to the z axis of "the squeezebox. 
These areas commonly contain narrow crenulations.  Ex- 
amples are shown in plates 18 and 19. 
POLE FIGURES: EXPERIMENTAL DEFORMATION.■ 
Due to the severe inhomogeneity of strain within 
the squeezebox mud, it was.impossible to combine partial 
pole figures from orthogonal sections of the same core. 
Furthermore, the measured preferred orientations did not 
coincide with those expected, and consequently, in most 
cases, maxima lie at the periphery of the region covered 
by scanning a single section. As a result of these two 
conditions, much information was lost, and it is not pos- 
sible to determine absolutely the maximum pole density in 
each case. The partial pole figures, however, remain 
quite useful for determination of both the direction and 
character of the preferred orientations observed. 
The partial pole figures are presented in figures 6 
through 11.  The maxima on the pole figures indicate pre- 
ferred orientation poles as seen from the plate of the 
squeezebox, looking toward the fixed end (positive z 
axis direction).  Contours are in multiples of a random 
distribution of poles, and the maximum intensity of the 
preferred orientation is given as "maximum pole density". 
■■   ■ -ZH- 
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Figure 6:  Partial Pole Figure for Sample 5-1-2.  Max- 
imum Pole Density =2.8. Dotted lines in- 
dicate limits of spiral scan.  Numerical 
suffix for sample indicates plane scanned: 
2 is the xz plane (vertical), and 3 is the 
yz plane (horizontal); "both planes are per- 
pendicular to the plane of the plate.  X is 
vertical, positive downward, Y is horizontal, 
positive toward the front of the box, and 
Z is the direction of compression. 
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Figure 7:  Partial Pole Figure for Sample 5-1-3< 




Pifflre 8J     Partial Pole Figure for Sample  5-2-2 
Maximum Pole Density = 1.5. 
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Figure 9:  Partial Pole Figure for Sample 5-2-3. Ca
  ■*  Maximum Pole Density = 2.T. > 
\ 
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Figure 10:  Partial Pole Figure for Sample 5-4-2-. 




Figure 11;  Partial Pole Figure for Sample 5-4" 3- 
Maximum Pole Density =2.3. 
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The highest degree of preferred orientation was 
found in the sample closest to the plate (core $-1). 
The vertical (fig. 6) and horizontal (fig. 7) sections 
of this sample exhibit maximum pole densities of 2.8 
and 2.9 respectively.  For comparison, the bedding 
plane pole density for natural mudstone sample 79-31 
is 2.8; a typical maximum pole density for slate is 
16 to 18 (Tullis, 1971). " 
While the two sections of sample 5-1 show nearly 
equal magnitudes of preferred orientation, the positions 
of the poles differ by approximately 90 .  This is pre- 
sumably due to the previously mentioned inhomogeneity. 
* • ...      ' 
Sample 5-2 shows a significantly lower degree of 
preferred orientation, with maximum pole densities of 
1.5 for the vertical section (fig. 8) and 2.1 for the 
horizontal section (fig. 9).  The pole positions for the 
two sections of sample 5-2 are nearly coincident with that 
of sample 5-1-2 (vertical section, fig. 6).  The shapes of 
the maxima, however, are dissimilar; while that for sample 
5-1-2 (fig. 6) is elongate parallel to the xz (vertical) 
plane, that for 5-2-3 (fig. 9) is elongate parallel to 
the yz (horizontal) plane.  Note that the contours con- 
taining the maxima for sample 5-2-2 (fig. 8) are almost 
completely dashed.  The true maximum in this case lies 
outside the region covered by the x-ray scan and may 
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have a value somewhat higher than 1.5- 
The pole figures for sample 5-^ (figs. 10 and 11) 
exhibit "'several features which cast some doubt upon the 
data obtained from this sample.  First, the maximum pole 
density for each section is -2.3. higher than the maxima 
exhibited by sample 5-2, which was much closer to the 
plate.  Second, the contours show far less concentricity 
than- do those of all the other pole figures.  Finally, the 
shape of the maximum for 5-^-2 (fig. 10), very long and. 
very narrow, differs significantly from those of the other 
pole figures. 
MUDSTONE MICROSTRUCTURES. 
Sample 79-28 exhibits almost slate-like parting 
along bedding planes.  Spacing of these parting planes 
varies from 1 to 6 mm, and they appear in thin section 
to be defined in part by changes in mean sediment grain 
size. 
No pole figure-was made of this sample; the degree 
of preferred orientation can be readily seen both macro- 
scopically and microscopically.  Binocular microscope ob- 
servation reveals the larger micas to lie parallel to bed- 
ding fissility; in thin section (plate 20) mass extinc- 
tion and illumination are well defined.  At higher mag- 
nification, with the SEM,'' the preferred orientation 
-&9r. ,. 
u 
appears less perfect, being disrupted by .silt particles, 
but the overall parallelism is still obvious (plate 21). 
During initial examination of all of the dredge 
samples, inspection of a cut face of sample 79-31 re- 
vealed the presence of rudimentary'spaced cleavage which 
in" appearance is not unlike the "anastamosing pelitic 
folia" often referred to by Powell (1969) and others. 
Thorough investigation of this foliation thus became 
the central thrust in the study of the natural mudstones. 
The foliation is defined by discrete planes inclined 
at an average of 80° to bedding; these planes appear in 
hand specimen as faint (barely visible to unaided eye) 
lines which are somewhat darker than the surrounding sed- 
iment.  Spacing between folia varies frpm 0.5 to 10 mm, 
and is typically 1.5 to 2.0 mm.  The folia anastamose in 
three dimensions, locally thinning or thickening as 
branches join or part-(fig. 12).  The thickest folia can 
be followed for at least 10 cm, apparently limited only 
by the size of the sample. 
Optical and scanning electron microscopy reveal 
these folia to be zones of subparaldel phyllosilicate 
flakes.  In width, they rdihge from 150 ^im to a minimum 
of 10 jum; the thinner zones are rather difficult to find 
on the 1 cm surface of a typical SEM mount.  The degree 




Figure 12:  Tracing of Foliation from Thin Section of 
Sample 7.9-31. 
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(plate 22); at other times, it is barely discernable 
(plates 23. 24).  The general condition within the folia 
seems to be somewhat chaotic-- zones are disrupted by 
silt particles (plate 24) and crossed or interupted by 
clays and micas with the bedding orientation (plates 25, 
26, 27, 28). 
The pole figure of 79-31 (fig. 13) reveals no con- 
tribution to x-ray intensity by the cleavage.  The maxi- 
mum pole density is 2.8, in the bedding plane.  This is 
not surprising; the widest cleavage zone measured, 150 
urn wide, accounts for only 1 percent of the volume ir- 
radiated by a 4 mm diameter beam. 
DISCUSSION AND CONCLUSIONS 
The pervasive shear fracturing in the experimentally 
deformed sediment is to be expected, considering the 
strain rate and the extremely low shear strength of the 
mud. • (At higher strain rates, of course, mud with sim- 
ilarly high water.contents would behave more plastically). 
More difficult to' explain, however, are the crenulations. 
Several authors, (Morganstern and Tchalenko, 1967; 
« 
Tchalenko, 1968; Maltman, 1977) have suggested that cren- 
ulations in mud form in response to (horizontal) compres- 
sion parallel to an initial preferred orientation formed 
by vertical consolidation.  It might be asked, however, 
why crenulations form, rather than a simple unimodal 
-52- °   .   '.■  .■■' 
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Figure 13:  Partial Pole Figure for Sample 79-31. 
Maximum Pole Density = 2.8. 
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rotation, of flakes?  The answer must lie in grain-to- 
grain interference (including interference by silt grains), 
The initial "buckling of a pair of adjacent phyllosilicate 
flakes, perhaps facilitated by a slight initial angle 
between them, would encourage the same adjustment in 
surrounding flakes.  Maltman (1977) has found that cren- 
ulations are part of a continuous sequence grading, with 
increasing strain, from kink bands, through crenulations, 
eventually to "creases", which he suggests may be genet- 
ically related to domainal slaty cleavage.  At any rate, 
the crenulations, or-more specifically the angles be- 
tween the two preferred orientations which define each 
set, are presumably responsible for the smearing of most 
of the pole figure maxima (figs. 6, 7,   8, 9) into near- 
girdles. 
In cases where/ what appear to be crenulations are 
observed at low angles to the z (longitudinal) axis of 
the squeezebox, the angles of alternate domains are always 
asymmetrical, and these structures are thought to be in- 
cipient shear fractures. 
The strain history of the squeezebox is.extremely 
complex..  Geometrical limitations of the box itself 
have imposed a special pattern on the compressive stress 
field, and large amounts of translation and faulting, 
accompanied by some degree of rotational! strain, have 
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together resulted in an extremely noncoaxial path of 
deformation.  Preferred orientations which-might have 
developed at one time and position in the box have, in all 
probability, been subjected to modification as that part 
of the mud mass is moved into a different area of the 
stress field.  Furthermore, the strain history can be 
dealt with only qualitatively; the design of the exper- 
iment precludes strain determinations more accurate than 
estimates derived from water, loss considerations. 
If the direction of a preferred orientation is con- 
sidered to be equivalent with that of the maximum finite 
shortening, it is evident from the pole figures and thin 
sections that that maximum strain has assumed widely 
differing orientations throughout the squeezebox.  This 
is due mainly to boundary effects and the pervasive 
shear fracturing of the squeezebox mud. 
In a squeezebox of infinite dimensions, the poles of 
the maximum finite shortening and resultant preferred 
orientation would be coincident with that of the axis of 
squeezing, the z axis.  In a box of finite dimensions, 
however, as the mud is pushed forward by the plate, two 
simple shear systems are set up by that motion coupled 
with friction between the mud and the sides and bottom 
of the box.  Each simple shear system, as shown in fig- 
ure 14, results in its own maximum finite shortening, 
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Figure lAs Compre.&sional Strain Resulting from Simple 
Shear.  (after Ramsay, 1967, p 84). When 
the square is strained by simple shear, the 
internal circle "becomes an ellipse; its 
major and minor axes indicate the maximum 
and minimum compressional strain axes.  Clay 
flakes subject to such a system, such as 
those within a shear fracture zone, would 
tend to rotate parallel to the long axis 
of the ellipse. 
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which acts to modify the direction of the maximum finite 
shortening resulting directly from squeezing. The result- 
ing vectors of maximum finite shortening would then fol- 
low the stress trajectories defined by Hafner (1951) for 
a system such as the squeezebox; coaxial with the z axis 
in the center of the mud, and elsewhere curving outward 
and downward toward the boundaries of the box. 
Another, more local, source of shortening exists in 
the shear fracturing of the mud. Each thrust fault and 
shear fracture within the mud may be considered as a 
simple shear system,' resulting in a maximum finite short- 
ening between the upper and lower surface of the shear 
zone (figure 14).  This shortening results in the align- 
ment of clays at a small angle to the shear plane, as seen 
in plates 2, 3» 13. 14-»■ and 1?.  The pole of the maximum 
finite shortening due to.simple shear within thrust faults 
will lie between that of the z and x axes. 
Shortening resulting directly from squeezing, as mod- 
ified by boundary conditions, plus shortening components 
from shear fracturing, are summed together with any rota- 
tional strain, and the resultant is the direction of max- 
imum finite shortening.  The pole of the maximum finite 
shortening should then be the pele of the preferred orien- 
tation.  Quantities are unknown for all of the components 
and thus for the resultant; only the relative importance 
■ ■ " -57- 
of each system at a given point can be inferred from the 
actual pole figures. 
IS 
From water loss measured at various positions in the 
squeezebox, volume reductions can .."be calculated.  These, 
in turn, yield strain estimates, which while revealing 
nothing of strain history, do furnish information on the 
distribution of total strain within the squeezebox.  Asr 
suming a specific gravity of 2.7 for the mud solids and 
1.0229 for the Instant Ocean, the following volume reduc- 
tions are derived: 
Total volume loss =       •<=. -      -9.2 percent 
■ 
Volume loss at core position 5-1 = -13'2 percent 
Volume loss at core position 5_2 = -13-6  percent 
Volume loss at core position $-k  = -6.6  percent 
It is seen that most of the water loss and volume reduc- 
tion has occured at the end nearest the plate, i.e., at 
the locus of deformation.  If increase in the vertical 
dimension is neglected, the volume loss can be taken as 
the principal compressive strain at each location.  In 
reality, however, the vertical dimension experienced con- 
siderable change: +28 percent at core position 5-1 > +35 
percent at core position-5-2,.and no change at core posi- 
tion 5-4-•  If this change in height is considered to be 
extensional strain, the compressive strain (e-j_) must 




reductions calculated above: ' 
Core position 5-1: e-^  = -32 percent 
Core position 5-2:. e^ = -36 percent -^ 
Core position 5-k\   e-, = -6.6 percent 
Thus, depending on whether the change in height is ig- 
nored or considered to be extensional strain,- the esti- 
mates for e. assume minimum and maximum values.' 
It is evident, however, that much of the increase in 
the vertical dimension is the result of uplift by thrust- 
ing.  If it is assumed that volume loss is accomplished 
-strictly through horizontal compression, and the vertical 
, y->  ' 
increase is due entirely to faulting, the amount of dis- 
placement along thrust faults can be calculated for each 
location within the box: 
At location 5-l» "the 2.8 cm increase in height would 
require a 5.6  cm displacement along a JO    fault or a 8.7 
cm displacement along a 20  fault (accounting for hori- 
zontal shortening of 4.85 and ?•?■ cm respectively). 
At location 5-2, the 3«5 cm increase in height would 
require a 7 cm displacement along a 30° fault or a 10.2 
cm displacement along a 20 fault, accounting, respective- 
ly, for 6.1 and 9.6 cm of horizontal shortening. 
The above considerations, together with the measured 
preferred orientation intensities, indicate that, while 
locations 5-1 and 5-2 have experienced essentially equal 
-  _59 
volume loss, the dominant mode of strain differs at each 
location. At 5-1. there was less shear fracturing, and 
more horizontal compression, resulting in a higher degree 
of preferred orientation than at 5-2. This higher degree 
of preferred orientation was also accompanied by a higher 
vane shear strength (fig. J5) » indicating strain, hardening 
of the mud. 
The predominance of horizontal compression over 
shear fracturing at location 5-l is also indicated by the 
pole figures for that sample.  The maximum for pole fig- 
ure 5-1-3 (fig» 7) (yz' plane) is coincident with that 
predicted for squeezing in the absence of any shearing. 
The maximum for 5-1-2.(fig. 6)(xz plane), while indicat- 
ing the addition of a shear component, lies closer to 
the z axis than do the maxima of the pole figures for 
sample 5-2, again indicating that squeezing is dominant. 
At location 5-2, shear fracturing dominated over 
horizontal compression, resulting in a lower degree of 
preferred orientation/ Although water loss was actually 
greater at this position than at 5-1 > vane shear strength 
was lower; strain hardening, then, apparently occurs more 
through development of preferred orientation than through 
simple water loss. 
Both pole figures for sample 5-2 (figs. 8 and 9) 
have maxima that appear to have resulted from simple 
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shear between the mud and the side of the box, and simple 
shear caused by thrust faulting.       - .   * 
The data from sample $-k  must be* regarded with sus- 
picion.  It is unlikely that a volume loss of 6,6  percent 
would be accompanied by development of a higher degree 
of preferred orientation than that associated with a 
volume loss- of 13.6 percent.  Two possible sources of 
error exist for this sample that are negligable in the 
other two samples.  First,r.the final water content of 5-^ 
was 15 percent greater than that of 5~1 and 18 percent " 
greater than that of 5-2.  This difference increases the 
likelihood that 5-^ may have been strained during the 
coring procedure.  Second, the Carbowax impregnation of 
5-4 was not as successful as that of 5-1 and 5-2 (see Meth- 
ods), and the wax did not fully harden.  This tended to 
make that specimen somewhat ductile, and additional 
strains may have been introduced during the preparation 
of x-ray transmission sections. 
The differences in deformation at various locations 
within the box are largely a function of two variables: 
distance from the origin of the stress field (the plate), 
and time.  The mud nearest the plate is deformed first; 
as preferred orientation begins to develop, water is pre-, 
sumably lost along the p3^ine of the preferred orientation, 
between parallel phyllosilicate flakes.  As deformation 
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proceeds, this mud becomes more coherent and eventually 
begins to behave as a rigid block, and is thrust over mud. 
further from the plate.  Deformation thus propagates away 
from the plate with time; the stresses in the more distant 
mud, however, are of smaller magnitude, having been atten- 
uated largely by grain-to-grain friction.  (At this greater 
distance from the plate, the orientation of the stress 
field also differs from that nearer'the plate.)  With less 
parallelism of phyllosilicate flakes, water loss at the 
more distant position may occur more along shear frac±ure 
planes, whose greater abundance at 5-2 (compared with 5-1) 
allow greater water loss despite a lower preferred orien- 
tation. 
The strain distribution within the squeezebox, to a 
certain extent, models the real situation on the Northern 
Oregon-Washington lower continental slope.  Structures 
and physical properties of sediments there have been in- 
terpreted as indicating a gradual seaward shift of the 
locus of deformation.  Initial water loss occurs through 
horizontal compression, resulting in folding and strain 
hardening; when water content becomes low enough and sed- 
iment strength high enough, this stage is followed by over- 
thrusting, and the development of a new fold further sea- 
ward (Carson et al, 197^; Carson, 1977). 
Four possible mechanisms may be called upon to explain 
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development of the-foliation observed in mudstone sample 
79-31^ shear fracturing, tension cracking, pressure sol- 
ution and recrystallization, and veining due to dewatering. 
Comparison of high magnification photomicrographs of the 
cleavage with those of shear fractures of similar size 
in the squeezebox mud (plates 16 and 25) appears to rule 
out shear fracturing as a viable mechanism.  In shear 
zones where phyllosilicates are aligned parallel to the 
shearing plane, this alignment is well defined and the 
individual flakes are very closely spaced.  The alignment 
of phyllosilicates within the mudstone cleavage zones, 
v 
however, is much more chaotic, and individual flakes are 
not as closely packed.  Even in the widest cleavage folia, 
no preferred orientations were observed other than those 
parallel to the cleavage plane; in shear zones of equiv- 
alent width, preferred orientations are always at some 
angle to the shear plane. 
Tension fractures are readily dismissed as a mechan- 
ism here for two reasons: First, the cleavage folia do 
not exhibit any gaps or openings, however small, such as 
would be expected to occur under tension.  Second, ten- 
sion would be accompanied by orthogonal compression, 
which would result in a preferred orientation normal to 
the plane of the tension crack, which is not observed. 
No crystallographic or morphological evidence (e.g., 
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truncated quartz grains) has been observed that would 
support the existence of pressure solution in this mud- 
stone.  Physical properties essentially rule out this 
possibility; the high water content (~ 30 percent) as well 
as seismic profiles (Carson et al, 197^) indicate that 
burial of these deposits has been negligable (-60m). 
Wh;Lle sufficient pressure for initiation of pressure 
solution might have been supplied by,the offscraping and 
accretion process, the necessary source of heat is lack- 
ing. Furthermore, the mudstone contains numerous foram- 
inifera and diatom.tests, which are completely undeformed; 
any pressure solution activity would certainly result in 
partial dissolution of at least the carbonate tests. 
There remains but one reasonable.mechanism, then, 
for development of this cleavage: dewatering.  The mech- 
anism proposed here is not the escape of pore fluid per- 
mitted by rotation of phyllosilicate grains, but rather' 
the converse. Were the former mechanism operational here, 
there would be no reason to expect the occurrence of 
preferred orientations only in discrete planes.  In sev- 
eral cases, phyllosilicates are observed along the borders 
of cleavage folia in orientations intermediate to those 
of bedding and cleavage (plates 23 and 29), suggesting 
the passage of pore fluids from surrounding beds into 
the mainstream of escaping pore fluid.  The process may 
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be essentially instantaneous (as suggested by the some- 
times chaotic nature of the preferred orientation within 
the individual folia).  When pore fluid pressure exceeds 
the strength of the sediment, the fluid apparently escapes 
along the plane of'the intermediate and'minor stress ^axes. 
It is conceivable that, at greater depths of burial 
and thus greater confining pressures, fluid escape might 
be prevented (or postponed), allowing attainment of much 
higher pore pressures.  In this manner, pore pressures 
high enough to allow a more pervasive rotation of phyllo- 
silicates might be reached. ^ ••-<■-' 
The amount of strain experienced by mudstone 79-31 
can only be estimated.  Carson _et al (197^) calculated 
(by fold geometry considerations) a maximum of two percent 
shortening on a single ridge.  The water content of the 
mudstone (~30 percent), however, indicates that consid- 
erable volume reduction has occured since initial depo- 
sition.  A minimum loss in volume rriay be calculated in the 
following manner, assuming an initial water content of 
50 percent prior to offscraping and accretion, and specific 
gravities of 1.03 for sea water and 2.7 for the solid 
constituents of the mudstone: ' 
wc = water content (percent dry weight) 
vt = total volume 
vs = volume of solids 
vw = volume of water 
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wc   (initial)  =0.50 
vw = wc   .-  sp.gr.   solids =  (0. .50) (2.7)   =1.31 
vs sp.gr.  water (1.03; -, 
vt = vs + vw 
vw = l.jilvs 
vt = <2.31vs 
for unit volume,   vs = 0.4-33 
vw = O.567 
after offscraping and accretion, 
wc = 0.30 
vs = O.433 (no change) 
vw = wc . sp.gr. solids = 0.786 
vs       sp.gr. water 
vw = 0.786vs = (0.786)(0.433) 
vt = 0.774 
volume reduction .= 23 percent. 
Assuming negligable dimensidnal changes in the two 
directions perpendicular to the principal compressive 
strain axis, the calculated volume reduction is accomp- 
p 
lished by a compressive strain of -0.23-  This value 
would increase with greater initial water content, and 
decrease with the addition of strains on the other axes. 
It is somewhat larger than the principal compressive 
strains estimated for the 'deformed portion of the squeeze- 
box mud ( -0.13), and considerably smaller than the mean 
principal compressive strain, -0.70, given by Wood (1974) 
for over 5000 slates. Without knowledge of the initial 
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water content of the mudstone, however, the comparison 
of this strain estimate with that.for the squeezebox loses 
some significance. /Still more caution must be exercised 
in comparing it to strain measurements in slates; reduc- 
tion spots, the most common source of strain measurements 
for slates, are diagenetic features; any strain experienced 
prior to the time of their development in a sediment is 
not included in the final measurementv The mudstone in 
question, then, has not necessarily undergone a third of 
the total compressive strain measured in most slates. 
While the overall scheme of deformation is grossly 
similar in each case, structures similar to the .mudstone 
cleavage are riot observed in the squeezebox mud.  This 
may be due in part to the pervasive nature of shear frac- 
turing in the squeezebox.  These fractures provide7ready 
channels for drainage of pore fluids, and apparently pre- 
vent the attainment of abnormal pore pressures required 
for rapid fluid escape.  Preferred orientations in the 
squeezebox presumably form by Wholesale rotation, but 
are always of limited volumetric extent. 
• In conclusion, it has been sho;wn that rudimentary 
spaced cleavage may develop through dewatering of deep 
sea sediments in response to off-scraping and accretion 
to the continental margin.  This cleavage has apparently 
developed during escape of overpressured pore fluid. 
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Furthermore, preferred orientations have been artificial- 
ly induced in similar sediments during dewatering.  These 
experimentally induced preferred orientations presumably 
have occured by means of wholesale rotation of phyllo- 
silicates, rather •jihan-by—sudden escape of pore fluid. 
It' is not proposed here that slaty cleavage ultimately 
develops strictly as the result.of dewatering, but it is 
clear that incipient "soft sediment" deformation leads 
to phyllosilicate reorientation in spaced folia.- The 
development of phyllosilicate preferred orientation and 
thus slaty cleavage must be looked upon as a continuum, 
with soft-sediment processes dominant at one end and solid 
state processes at the other.  It has been shown that 
incipient preferred orientations, however weak, can develop 
in response to dewatering.  Once formed, such initial 
anisotropies may be subject t.o later enhancement by higher 
level processes, perhaps resulting, in the end, in the 
formation of true slaty cleavage. 
-68- 
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Plate.1;  Specimen 5-1 > xz plane; crossed nichols, gyp- 
sum plate; photographed in red light to enhance contrast. 
Two shear fractures inclined 40° and 50° to z.  Pl.atelets 
in surrounding and interlying areas are generally oriented 
pei^endicular to shear fractures.  Note, however, crenu- 
lations in lower right quarter of plate.  These crenula- 
tions trend about 15° from the x axis; clay flakes, in one 
set are parallel to shear fractures, those in alternate 
set perpendicular. White area in top of plate is Carbo- 
wax; note set of small shear fractures to left.  Objective 
-3.5x. 
Plate 2;  Specimen 5-1 > #z plane; crossed nichols, gyp- 
sum plate, red light. View of two shear zones (dark 
areas) trending 25° to 30° clockwise from z.  Platelets 
within shear zones are oriented 5°° clockwise from z. . 
Area between shear zones consists largely of very nar- 
row (25,um) shear dislocations inclined 40° counterclockwise 





Plate 3:     Specimen 5-2, xz plane; crossed nichols, gyp- 
sum plate, red light. View of shear zone, inclined 25 
clockwise from z (in this photograph z is parallel to the 
short side).  Clay flakes within shear zone are oriented 
40° clockwise from z.  Clays surrounding shear zone lie 
at 35° "to 45° counterclockwise from z.  Note conjugate 
set of smaller shear fractures at-left.  Objective lOx. 
Plate 4;  Specimen 5-2, yz plane; crossed nichols, gyp- 
sum plate, red light.  Preferred orientation, possibly 
that due to horizontal compression, 15° clockwise from 
the y axis, shown also by elongate silts.  Shear zones 
subparallel with z axis, and flakes within are oriented 
30° clockwise from z.  Objective lOx. 
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Plate 5s  Specimen 5-1. xz plane; crossed nichols, 
gypsum plate, red light. View of crenulations.  Flakes 
in light areas are oriented 50° counterclockwise from z; 
those in- darker areas lie 5°° clockwise from z.  Objec- 
tive lOx. 
Plate 6:  Specimen 5-1» .yz plane; crossed nichols, 
gypsum plate, red light. View of crenulations,- which 











Plate 7:  Specimen 5-1» yz- plane; crossed nichols, 
gypsum plate, red light.  Crenulations, axial angle 
90°.  Objective 25x. \ _.   . 
Plate_18:  Specimen 5-2, xz plane; crossed nichols, 
gypsum plate, red light.  Dominant orientation is 50° 
to 60°-clockwise from z, with a few crenulations with 
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Plate 9s  Specimen 5-2 > xz plane; crossed nichols, 
gypsum plate, red light. View of crenulations from plate 
8.  Objective.95x oil immersion. 
A 
Plate 10:  Specimen 5_2, xz plane, crossed nichols, 
-gypsum plate, red light.  Crenulations, with axial 
angle of 100°.  Objective lOx.        ? '      v 
o/ 
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Plate 11:  Specimen 5-2, xz plane; crossed nich'ols, 
gypsum plate, red light.'. Crenulations with axial angle 
of 80°.  Objective lOx. 
Plate 12:  Specimen 5-2, yz plane; crossed nichols, 
gypsum plate, red light.  Crenulations with axial angle 
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Plate 13:  Specimen 5-2, xz plane, crossed nichols, 
gypsum plate, red light.  Fault gouge of macro-fault. 
Orientation of surrounding area trends 45° counter- 
clockwise from z; some flakes in center of "fault zone" 
maintain this orientation; majority of clays within 
gouge, however, lie parallel to direction of displace- 
ment. Objective 3«5X- 
! 
Plate 14;  Specimen 5-l» xz plane; crossed nichols, 
gypsum plate, red light.  Shear zone across "bottom of 
photograph, inclined 5° counterclockwise to z axis. 
Clay flakes within shear zone are well aligned at 30 
clockwise :from z, indicating sinestral displacement. 
Above shear zone, flakes are dominantly oriented 4-5 
counterclockwise from z, with narrow domains following 
the same orientation wherin platelets are oriented 850 
counterclockwise from z. These domains are more apparent 











Plate 15:  Enlarged view of center of plate 1.  Speci- 
men 5-1 > xz plane; crossed nichols, gypsum plate, red 
light.  Shear fracture,, (light area) inclined 40° to z. 
Platelets in' surroundeing area are generally oriented 
-'  <      . •      ' 
perpendicular to shear fracture. Objective lOx. 
Plate 16;  Specimen 5-1 > xz plane; crossed nichols, 
gypsum plate, red light. High magnification view of 
shear plane of the type shown in plates 1 and 15.  Note 
well..developed parallelism to shear plane.  Objective 
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Plate- 17'  Specimen 5-l» xz plane; crossed nichols, 
gypsum plate, red light.  Same field as plate 10, rotated 
30° counterclockwise.  Note narrow plane of clays 
oriented parallel to shear displacement (running dia- 
gona Hy lower left to upper right).  Domainal structure 
also more apparent in upper left -portion of photograph. 
Objective lOx. 
Plate 18;  Specimen 5~1» xz plane; crossed nichols, 
gypsum plate, red.light.  "Expected" preferred orien- 
tation, striking parallel with the x axis, i.e., 4-5 
from the horizontal.  Orientation is not uniform; fabric 
consists of narrow domains in which the platelets make a 
small angle (-5°) with the x axis; in adjacent domains 
the sense of the angle is opposite.  Objective lOx. 
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Plate 19?  Specimen 5-2» yz plane; crossed nichols, 
gypsum plate, red light.  Preferred orientation, 
probably that due directly to horizontal compression, 
running parallel to the y axis.  Shown by elongate silts 
as well as clays.  Objective lOx.  * 
Plate 20;  Specimen 79-28; crossed nichols, gypsum 
plate.  Section normal to bedding/cleavage.  Bedding 
trends NE-SW.  Note well developed preferred orienta- 








Plate 21:   Scanning electron micrograph.of specimen 79- 
28.  a)View of fractured surface normal*to coincident 
bedding-cleavage planes.  Note the predominance of 
flake edges and subparallelism of flakes. 
b) View of bedding/cleavage plane, showing large 
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Plate 22:  Scanning electron micrograph of- specimen 
79-31» view normal to bedding and cleavage, stereo 
pair,  a) is right, b) is left.  Cleavage traverses 
view vertically; bedding trace is WNW.  In this speci- 
men, cleavage zone was apparently more cohesive than 
surrounding material, giving it higher relief on frac-...._... 
ture surface; this relief accounts for relative brightness 
in the photographs.  Note well defined parallelism of 









Plate 23:  Specimen 79-31» scanning electron micrograph, 
normal to bedding and cleavage.  Note somewhat chaotic 
nature of cleavage zone; some clay flakes are apparent 










Plate 24:  Scanning electron micrograph of specimen 79- 







Plate 25:  Specimen 79-31. crossed nichois, gypsum 
plate.  Same field as plates 30 and 31. rotated approx- 
imately 90 clockwise, with very high magnification. 
Cleavage runs NE-SW.  Note chaotic nature of cleavage 
zone; larger micas are well oriented, but smaller clays 
are more random in attitude.  Objective 95x oil immersion. 
Plate 26;  Specimen 79-31. crossed nichois, mica plate. 
Section normal to cleavage and bedding.  Dark area is 






Plate 27:  Specimen 79-31. crossed nichols, mica plate, 
Section normal to both bedding and cleavage.  Cleavage 








Plate, 28:  Scanning electron micrograph of 79-31» view 
normal to bedding and cleavage,  a) and b) same fields, 
magnification of b) twice that of ^).  Two cleavage folia 
are shown.  Note subparallelism of clay flakes within the 
folia, and their high inclination to the trace of the 
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Plate 29:  Scanning electron micrograph' of specimen 79- 
31.  Same field in both a) and b), magnification of b) 
twice that of a).  Cleavage trends from lower left to 
upper right; bedding is nearly horizontal.  Along both 
edges of cleavage zone clay flakes can be seen with 
orientations intermediate to those of- bedding and cleav- 












Plate 30! Specimen 79-31» crossed nichols, mica plate. 
Section normal to "bedding and cleavage. Cleavage folia 
trend NW-SE.  One narrow folium visible in right quarter 
of view; another, much wider, anastamosing folium can  
"be seen at left.  Objective lOx. 
Plate 31s Specimen 79-31» crossed nichols, mica plate; 
same field as plate 2, higher magnification. Objective 








Plate 32:  Specimen 79-31; crossed nichols, mica plate. 
Section parallel to bedding, normal to cleavage.  Cleav- 
age is dark zone running NW-SE.  Objective lOx. 
Plate 33s  Specimen 79-31; crossed nichols, mica.plate. 
Section parallel to bedding-, normal to cleavage.  Cleavage 






Plate 34-:  Specimen-79-31» crossed nichols, gypsum 
plate.  Section normal to "bedding and cleavage.  This 
folium is larger than is typical, reaching a width of 
nearly 200- jam where it "bifurcates.  Dark and light "bands 
parallel to bedding are an artifact of epoxy impregna- 
tion.  Objective 3-5x. 
Plate 35:  Specimen 5_2f.yz plane; crossed nichols, 
gypsum plate, red light.  Preferred orientation, pos- 
sibly resulting from horizontal compression, oriented 
nearly parallel to y axis, here rotated k$.  .  A few 
small shear zones are evident, with flakes nearly para- 












Plate 36;  Specimen 5-^» Yz plane.  Preferred orienta- 
tion of unknown origin, tracing NW-SE.  Objective lOx. 
Plate 37?  Specimen 5_^> xz plane;*crossed nichols,' 
gypsum plate, red light.  Preferred orientation of 







Plate 38: Specimen 5-2, xz plane; crossed nichols, 
gypsum plate, red light. Large scale view of shear 
zones in plate 3-  Objective 3«5X- 
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Plate 38; Specimen. 5-2, xz plane; crossed nichols, 
gypsum plate, red light.. Large scale view of shear 
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Plate 39'-     Scanning electron micrograph of specimen 
79-31; composite view normal to bedding and cleavage; 








'Plate 40:  Scanning electron micrograph of specimen 
79-31. view of foliation surface.  Note preponderance 
of basal planes.  Bedding orientation is vertical, per'-. «■ 
pendicular to photographs.  Same field in b) as in a), 











Plate 41:  Scanning electron micrograph of specimen 79- 
31, view of "bedding poane, stereo pair,  a) is right, b) 
is left. Cleavage zone traverses the photographs east- 
west. At this relatively low magnification, micas are 
more apparent than clays; stereo viewing reveals them to 
lie in a nearly vertical attitude.  The -surface was 
exposed by fracturing the specimen along bedding; the 
lower half of this area separated at a slightly higher 
t- 
bed than did the upper half, giving the cleavage plane 
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